Abstract: Genetic variation was examined for moose (Alces alces) from Riding Mountain, Isle Royale, and Pukaskwa national parks; northwestern, Nipigon, northeastern, and central Ontario; New Brunswick; and Newfoundland. The national parks were identified as maintaining potentially different local selection pressures due to the absence of hunting and the presence or absence of the parasite Parelaphostrongylus tenuis. Genetic variation was estimated using neutral DNA markers, assessed by multilocus DNA fingerprinting and five microsatellite loci, and the functional antigen binding region (ARS) (exon 2) of the major histocompatibility complex (MHC) gene DRB. There was discordance in the allelic diversity observed at the neutral loci compared with the MHC DRB locus in a number of populations. Ontario populations demonstrated higher levels of variability at the neutral loci and relatively low levels at the DRB locus. Conversely, the Isle Royale population has the lowest genetic variability, consistent with a historic small founding event, at the neutral DNA markers and relatively high variability at the MHC gene. Relatively high levels of genetic variation at the DRB locus were observed in protected park populations concomitant with the absence of white-tailed deer (Odocoileus virginianus) or the parasite P. tenuis and an absence of hunting. Gene flow was observed among the neighboring geographic regions within Ontario, including Pukaskwa National Park, with evidence of isolation-bydistance among more distant regions within Ontario. The discordant patterns between DNA markers suggest that neutral DNA markers may not accurately reflect adaptive variation present at functional loci.
Introduction
Maintaining genetic variation is an important factor in protecting the evolutionary potential and promoting the long-term persistence of populations (Leberg 1992; Frankham 1995; Lacy 1997) . The movement of animals and subsequent gene flow within a metapopulation structure can maintain genetic variation among local subpopulations (Harrison and Hastings 1996) . Low levels of genetic variation within subpopulations of a larger metapopulation were identified as a causal factor in increasing the probability of extinction within local populations in greater prairie chickens (Westemeier et al. 1998 ) and the Glanville frittiliary butterfly (Melitaea cinixia) (Saccheri et al. 1998) . Neutral DNA markers have been used extensively in studying genetic variation and population structure in natural populations (Avise 1994; Ferris and Palumbi 1996; Estoup and Angers 1998) .
The application of neutral DNA markers in assessing population structure and levels of genetic variation assumes that these loci reflect adaptive variation within populations (King and Burke 1999) . However, local selection pressures within a metapopulation framework affecting the levels of genetic variation in subpopulations at adaptively important loci may not be readily detected using neutral DNA marker systems (Hedrick 1994) and, conversely, functional loci may not accurately reflect gene flow among different geographic regions with different selection pressures. Despite this concern, few studies have directly compared neutral genetic variation with adaptive variation at the intraspecific level Crandall et al. 2000) . In this study, we present results on genetic variation and population structure in moose (Alces alces) populations using neutral mini-and micro-satellite loci and a major histocompatibility complex (MHC) gene.
Neutral DNA markers such as minisatellite loci and microsatellites have identified levels of genetic variation as representative of overall levels of genome variation (Lacy 1997) . Minisatellite loci, as detected with multilocus DNA fingerprinting, have had limited application in assessing population differentiation (Schenk et al. 1998; Wilson et al. 2000) , owing to technical limitations (Estoup and Angers 1998) , while microsatellites have proven more effective at assessing the population structure in natural wildlife populations, such as black bears (Ursus americanus) (Paetkau and Strobeck 1994) , wolves (Canis lupus) (Roy et al. 1994) , African water buffalo (Syncerus caffer) (Simonsen et al. 1998) , and moose (Broders et al. 1999) .
The MHC is the most commonly used DNA marker system for assessing genetic variation at a functional gene locus (Hedrick 1994; Murray et al. 1995; Murray and White 1998; Wenink et al. 1998; Murray et al. 1999) . MHC proteins bind pathogen-derived foreign peptides to T-cells to initiate an immune response. As a result of its role in disease resistance, MHC genes can be highly polymorphic, and genetic variation is proposed to be adaptive to the large numbers of pathogens for which natural populations are exposed (O'Brien and Evermann 1988) . One mechanism proposed for maintaining high levels of variation at MHC genes is balancing selection (Hedrick and Thomson 1983; Hughes and Nei 1988; Yuhki and O'Brien 1990; Hughes 1991; Hedrick 1994; Hughes and Yeager 1998) through overdominance or negative frequency dependence. Overdominance, or heterozygote advantage, increases the range of pathogens recognized by the MHC proteins, while negative frequency dependent selection is based on host-parasite interactions, causing an increase of low-frequency alleles followed by a shift in the composition of the parasite population (reviewed in Potts and Wakeland 1993; Hedrick 1994; Hughes and Yeager 1998) . The importance of MHC genes in a conservation context has been identified for captive-breeding (Hughes 1991) and isolated (Yuhki and O'Brien 1990) populations, indicating that low variation at these loci may result in increased disease susceptibility and potential local extinction.
Moose are the largest land mammals in the circumpolar boreal forests of Canada and Eurasia (Telfer 1984) . Despite the importance of moose as a game species within most provinces in Canada and a number of states in the U.S.A. (Cumming 1974; Ritchey 1974; Timmerman and Buss 1998) , there is uncertainty about the movement patterns among moose populations. Moose movements have been classified as either dispersal or migration; dispersal is defined as the movement of a moose from a natal range to an area where it will potentially breed and migration is defined as the seasonal movement of moose between mating and nonmating ranges (Hundertmark 1998) . Previous studies of moose populations have indicated differential amounts of moose migration (LeResche 1974; Telfer 1994) . Limited dispersal has been described for moose (Hundertmark 1998) , suggesting that the amount of dispersal may be inadequate to effectively influence neighboring populations, and the recovery of moose populations in heavily hunted regions in Ontario was attributed to reproduction and not to the immigration of moose from adjacent areas (Goddard 1970) . Moose populations have also been proposed to be composed of both migratory and nonmigratory animals (LeResche 1974), although exclusively "island" populations of nonmigratory moose have been described in the prairie provinces of Canada (Karns 1998) .
Previous genetic studies of moose have left the question of local movement patterns and gene flow unresolved. A genetic survey of North American moose (Cronin 1992) could not distinguish among proposed A. alces subspecies with restriction fragment length polymorphisms (RFLP) of the mitochondrial DNA (mtDNA), suggesting that the high potential for dispersal in moose has caused a genetic homogenization among moose populations. However, only one mtDNA haplotype was detected in this survey, likely owing to the resolution of RFLP analysis in detecting variation. Population structure was identified among Canadian moose representing populations from different provinces (Broders et al. 1999) using microsatellite loci, although this geographic scale could not address levels of migration and dispersal in a range consistent with moose biology (LeResche 1974; Hundertmark 1998) . Other evidence in European moose populations suggests limited home ranges and site fidelity to the natal home range (Cederlund et al. 1987) , and population structuring in Scandinavian moose was detected using protein polymorphisms over geographic distances of approximately 50 km (Ryman et al. 1980; Chesser et al. 1982) .
In addition to the amount of gene flow through dispersal and migration, local selection pressures such as disease and hunting further impact levels of genetic variation within wildlife populations. The impact of disease on MHC variation in moose populations may be of particular importance in Ontario, given the distribution of white-tailed deer (Odocoileus virginianus) and the incidence of Parelaphostrongylus tenuis throughout the province (Whitlaw and Lankester 1994) . Furthermore, computer simulations of different hunting regimes of moose and white-tailed deer populations modeled a loss of genetic variability and a decrease in the ratio of effective population size to census population size over time (Ryman et al. 1981) . The amount of inbreeding under the most severe hunting regime, that is, random hunting of any age and sex, was modeled to be the equivalent of full-sibling matings after 50 years.
The potential impact of disease and hunting on the genetic variation of game species makes protected areas such as parks potentially important reservoirs for maintaining genetic diversity within a metapopulation structure. However, the role of parks as a source of genetic variation will be effective in a larger metapopulation only if the genes associated within these protected areas can be exchanged among adjacent populations through animal movements and gene flow. An assessment of Canadian national and provincial parks showed that parks surrounded by human-altered landscapes reduced the immigration of mammals into park systems (Gurd and Nudds 1999) , demonstrating the potential for isolation. As a result, it is important to determine the level of "genetic connectivity" between protected and nonprotected areas and the amount of genetic variation within park populations in comparison with neighboring geographic regions.
We have performed genetic analyses using minisatellite loci (detected using multilocus DNA fingerprinting), microsatellite loci, and the functional antigen-recognition binding region (ARS), exon 2, of the MHC gene DRB on moose populations from islands, continuous geographic areas, and three national parks. The moose populations in this study have different histories, ranging from continuous geographic ranges to island and isolated populations originating from small founder events. Furthermore, these regions have potentially different local selection pressures, based on the presence or absence of hunting and the parasite P. tenuis, corresponding to park and nonpark environments. The objective of this study was to assess the genetic variation and population structure at neutral and functional genetic loci in moose within the context of different historic factors, ecological factors, and human impacts, specifically the degree of isolation, the presence or absence of P. tenuis, and the presence or absence of hunting, respectively.
Materials and methods

Sample collection
Tissue samples were collected from moose representing nine geographic regions (Table 1, Fig. 1 ). Riding Mountain National Park, Manitoba, represents a potentially isolated population, based on the difference in habitat within and outside (highly developed agricultural areas) the park boundaries (Karns 1998 (Mech 1966) . Newfoundland moose were included, as they represent a population established by a small founding event (Broders et al. 1999) . Two moose were introduced to Newfoundland in the 1870s from Nova Scotia and four in the early 1900s from New Brunswick (Pimlott 1953; Broders et al. 1999) . New Brunswick moose from the north shore of the province were also included in this study, as one of the sources of the Newfoundland population.
DNA profiling
DNA from the moose samples in this study was extracted according to Guglich et al. (1993) . Multilocus DNA fingerprints were generated for samples within several of the populations we examined also according to Guglich et al. (1993) . Polymorphic microsatellite loci were identified in moose from bovine (BM4513, BM1225, IGF-1; Bovine Genome, Research Genetics Inc.) or white-tailed deer (Cervid 2, Cervid 14; DeWoody et al. 1995) primer sets.
Microsatellite loci were analysed from nuclear DNA using a primer end labeled with [λ- 33 P]ATP and a T4 polynucleotide kinase reaction (Boehringer-Mannheim). A total reaction volume of 10 µL per tube was used, containing 25-50 ng of genomic DNA, 200 µM dNTPs, 10× buffer, 2 mM MgCl 2 , unlabelled primer (0.2 mM), labeled primer (4.6 pmol), 1.0 µg of bovine serum albumin (BSA) (BRL), and 0.5 U of Taq polymerase (BRL). The reaction conditions were 95°C for 15 s, annealing at 55-60°C for 15 s, and extension at 72°C for 30 s (Perkin Elmer). Products were mixed with a 0.4 volume of formamide loading buffer and were heated at 95°C for 5 min before loading onto a 6% sequencing gel containing 50% (w/v) urea. A control sequencing reaction of phage M13 DNA was run adjacent to the samples, to produce size markers for the microsatellite alleles.
The MHC DRB gene was amplified, cloned, and sequenced and the alleles observed, using single-stranded conformational polymorphism (SSCP) according to Murray and White (1998) .
Genetic analyses
Genetic variation was estimated at minisatellite loci using DNA fingerprints using the average percent difference (APD), which is one minus the mean band-sharing coefficient (BSC) (Guglich et al. 1993) . Genetic variation at microsatellite loci and the DRB locus was assessed using allelic diversity (number of alleles) and expected heterozygosity (H E ). H E is a less-biased measure of heterozygosity, because it is less influenced by sample size (Nei 1978) .
Allele frequency distributions, exact tests of Hardy-Weinberg expectations (HWE), and estimates of the F statistics (F IS and F ST ) and R ST were assessed with GENEPOP version 3.1b (Raymond and Rousset 1995), using the method described by Weir and Cockerham (1984) . Isolation-by-distance among moose populations was also analysed in GENEPOP version 3.1b (Raymond and Rousset 1995 ). Nei's unbiased genetic distance (Nei 1978; Takezaki and Nei 1996) was calculated using the program GENETIX 3.3 (Belkhir et al. 1999) , and a neighbor-joining tree was constructed in the computer program PHYLIP, using the program NEIGHBOR (Felsenstein 1993) .
Results
Genetic variation and comparison of neutral DNA markers
Multilocus DNA fingerprints were generated and average percent differences (APDs) were calculated for the pairwise comparisons between individual moose of a particular geographic region (Table 1) . Isle Royale and Newfoundland populations showed the lowest genetic variation, consistent with the proposed small founding events for each island. Moose from the Nipigon region, specifically Thunder Bay, showed variation comparable with those from Newfoundland. Riding Mountain and other regions in Ontario showed comparably higher levels of variation based on APD values. Unfortunately, multilocus DNA fingerprints were not generated for Pukaskwa National Park moose, because of the low quality of the DNA sample.
The microsatellite loci had 2-5 alleles per locus; the total number of alleles over the five loci ranged from 11 to 22 within the nine regions, with a mean observed number of al- Broders et al. 1999 Note: N is the total sample size used in profiling multilocus DNA fingerprinting, microsatellite loci, and (or) the DRB locus. Table 1 . Sampling sites of moose (Alces alces).
Fig. 1. Map indicating the geographic regions in which moose (Alces alces)
were sampled for this study.
leles per locus of between 2.3 and 4.4 (Table 2) . Moose in Manitoba and Ontario had a total of 20-22 alleles, while 14 were observed in the New Brunswick moose population. The island populations of Isle Royale and Newfoundland had 14 and 11 alleles, respectively. Expected heterozygosity (H E ) (Table 2 ) at the microsatellite loci was calculated for each region. Again, the populations of Isle Royale and Newfoundland showed the lowest variation (H E ), while the remaining regions showed relatively similar levels of heterozygosity ( Table 2 ). Tests of heterozygosity at the microsatellite loci were consistent with HWE forn the majority of population-locus combinations. Three comparisons deviated significantly from HWE: Nipigon-BM4513 (p < 0.050), northeastern Ontario -BM4513 (p < 0.001), and Riding Mountain -IGF-1 (p < 0.050). F IS values ( (Fig. 2) .
A comparison of island populations with proposed small founding events (Isle Royale and Newfoundland) with their potential source populations (Nipigon and New Brunswick, respectively) using APD and microsatellite data (H E and allelic diversity) identified a loss of genetic variation consistent with the proposed history of these two populations (Table 3) . These reductions in genetic variation are consistent with previous genetic surveys of moose from source and founded island populations, including Newfoundland (Broders et al. 1999) .
The loss of genetic variation detected using APD and microsatellite allelic diversity was almost identical for the Isle Royale comparison and the Newfoundland comparison. The loss of genetic variation observed with microsatellite locus H E was smaller than that observed with APDs and microsatellite allelic diversity for the Isle Royale comparison and greater for the Newfoundland comparison (Table 3) .
Genetic variation of the functional DRB locus
The DRB alleles found were identical to the alleles previously characterized by Mikko and Andersson (1995) . The allele designations in our study and the corresponding alleles in the previously published study are, respectively, as follows: DRB-a is allele ala1-5; DRB-b is allele ala1-7; DRB-c is allele ala1-3; and DRB-d is allele ala1-10. The number of alleles within each population at the DRB locus varied from 1 to 4 (Table 2 ). The population of Riding Mountain National Park had all four of the alleles observed within North American moose (Mikko and Andersson 1995) . Isle Royale, northwestern Ontario, Pukaskwa National Park, and New Brunswick moose had three of the four alleles. Nipigon, central Ontario, and northeastern Ontario moose had two alleles and the Newfoundland population was fixed for the DRB-a allele. Newfoundland moose were all homozygous for DRBa, probably as a result of the founding event in the transfer of animals to the island. In contrast, little or no allelic diversity was lost by the founding event on Isle Royale, if mainland Ontario represents the founding population for the island, implying that allelic diversity may have been lost from Ontario mainland moose subsequent to the founding event. Three populations deviated from HWE at the DRB locus: Riding Mountain moose (p < 0.050), Isle Royale moose (p < 0.050), and New Brunswick moose (p < 0.050). A deficiency of heterozygotes at the DRB locus was further supported by F IS values and was consistent with the microsatellite data from Riding Mountain and Isle Royale.
Comparison of the functional DRB locus with neutral DNA markers
Genetic variability of the neutral markers was inconsistent with variation at the functional DRB locus when comparing H E and APDs versus H E (DRB) (Fig. 2) . Several inconsistencies in the levels of genetic variation were observed among the populations at the two types of loci (Table 2, Fig. 2 ). Isle Royale moose demonstrated low levels of genetic variation at the neutral microsatellite and minisatellite loci but demonstrated relatively high levels of variation at the DRB locus.
Moose from regions within Ontario demonstrated relatively high genetic variation at both neutral markers but relatively low variation at the MHC locus by comparison. Moose from Riding Mountain and Pukaskwa national parks had relatively high levels of variation consistent among loci, while those from Newfoundland were consistently low at both the neutral and functional loci.
The allele frequency distributions compared among different regions at the neutral microsatellite loci and functional DRB locus indicated that the two types of loci were not in close agreement (Table A1 ). The populations with historic small founding events, that is, those of Isle Royale and Newfoundland, demonstrated close to bimodal distributions at three of the five microsatellite loci, with a fixed allele being found at one microsatellite locus in Newfoundland moose. The IGF-1 microsatellite locus was bimodal in all the populations examined. The criteria for a bimodal-like distribution of allele frequencies were the presence of 1-3 alleles, with at least one high frequency allele (>0.600). Similar criteria were used by Houlden et al. (1996) . Bimodal distributions were identified in populations that had undergone severe population bottlenecks due to the rapid loss of rarer alleles (Houlden et al. 1996) . The remaining populations had a wider range of allele frequency distributions, with the presence of rarer alleles. The DRB allele frequency distributions differed from the microsatellite loci in the majority of populations. The Ontario and Isle Royale populations demonstrated opposite patterns between the neutral and functional loci. Mainland Ontario populations (excluding Pukaskwa National Park) demonstrated bimodal allele frequencies at the DRB locus. In Isle Royale moose, while DRB-a was common, there was a more even distribution of two other alleles, contrary to the microsatellite data. In the two Canadian national park (Riding Mountain and Pukaskwa) populations allele frequency distributions between the neutral and functional loci were similar.
Population structure
The population structure of the moose representing the nine geographic regions was assessed on the basis of microsatellite allele frequencies using F ST and R ST statistics (Table 4) ( Table 1A) . F ST typically had higher values than R ST . A comparison of these two estimates of population structuring for domestic and bighorn sheep indicated that F ST is more sensitive to allopatry and semi-isolation and R ST is more sensitive to longer historical separations (Forbes et al. 1995) . In general, pairwise R ST and F ST estimates of less than 5% were interpreted to mean that some level of gene flow has been maintained, estimates of 5-10% to mean that populations are semi-isolated, and estimates of greater than years ago. The majority of neighboring populations in Ontario demonstrated high levels of gene flow, with the exception of moose from Nipigon and from the northeastern part of the province -these showed low levels of differentiation (Table 4) . Animals appeared to be exchanged readily among the populations of Pukaskwa National Park and those of the northwest, northeast, and central regions of Ontario.
Genetic distances
Pairwise genetic distance measures, based on allele frequencies, were calculated for the microsatellite loci and the DRB locus, to determine the relationship among populations. Using Nei's unbiased genetic distance (Nei 1978) , neighborjoining trees (Table 3) were generated for the microsatellite loci (Fig. 3a) and for the DRB locus (Fig. 3b ). Nei's unbiased genetic distance (Nei 1978) values were tenfold higher for the microsatellite loci than for the DRB locus, likely as a result of prominent alleles at the DRB locus within the majority of moose populations, that is, the DRB-a allele (Table 5). The topology of the microsatellite genetic distance tree (Fig. 3a) was consistent with the population structure estimated using F ST and R ST values, with neighboring regions clustering together and with the isolated and island populations more distant from the larger continuous population in Ontario and the population in New Brunswick.
F ST values for DRB showed no differentiation among populations (data not shown); this likely reflects the low allelic diversity and the use of a single locus. However, Nei's genetic distance provided some insight into the relationships among the different regions. The island populations and Pukaskwa National Park moose showed increased distance from the other regions (Fig. 3b) . The distance of the Pukaskwa National Park population from other populations estimated using the functional locus compared with the distance estimated using the microsatellite loci reflects the differences in the higher genetic variability at DRB within the moose in the park compared with other Ontario moose populations, despite the gene flow detected by microsatellite analysis.
Discussion
Comparison of DNA marker systems
An assessment of the genetic variation of both neutral and functional genetic markers indicated overall low levels com- pared with other wildlife species, specifically allelic diversity at the microsatellite loci (Paetkau and Strobeck 1994; Roy et al. 1994) , the DRB locus (Mikko et al. 1999) , and multilocus DNA fingerprinting (Guglich et al. 1993 ). This finding is consistent with other studies examining genetic variation in moose (Guglich et al. 1993; Mikko and Andersson 1995; Ellegren et al. 1996; Broders et al. 1999) . The low genetic variability within moose has been attributed to population-size bottlenecks during the Pleistocene (Mikko and Andersson 1995; Ellegren et al. 1996) .
The deficiency of heterozygotes based on deviations from HWE or F IS values in the Riding Mountain and Isle Royale national park populations (Table 2) can result from three factors: nonassortative mating; selection; and pooling samples from local structured populations within the island populations, that is, a Wahlund effect. No evidence for nonassortative mating was observed when examining other ungulates using MHC loci (Paterson and Pemberton 1997) , and selection at MHC loci is predicted to result in an excess of heterozygotes through balancing selection (Hedrick and Thomson 1983 ) (see below). The heterozygote deficiency in both the neutral microsatellite loci and the functional MHC gene supports a Wahlund effect. Riding Mountain and Isle Royale populations may maintain local subpopulations within these "island" populations. The higher densities in these populations, estimated at between 1.0 and 4.0 individuals/km 2 (Telfer 1984) , may have resulted in the formation of local congregates of moose within the boundaries of the isolated populations; this is consistent with the apparent Wahlund effect. As a result, the presence of local structured populations may have actually caused expected heterozygosity to be underestimated at both the microsatellite and DRB loci. In African buffalo (Synercus caffer) from national parks, a consistent deficiency in heterozygotes was observed at the DRB locus (Wenink et al. 1998 ) and at microsatellite loci (Simonsen et al. 1999) .
The Isle Royale and Newfoundland populations demonstrated the lowest genetic variability at the neutral DNA markers, consistent with the small founding events of approximately 100 years ago. Two discrepancies were observed when comparing the two neutral markers. Firstly, Nipigon moose demonstrated a relatively low APD value compared with microsatellite H E ; this is likely the result of using moose from a localized region around Thunder Bay, Ontario. DNA fingerprint profiles may detect higher genetic relatedness on smaller geographical scales than microsatellites, owing to the resolution of the two markers with higher mutation rates at minisatellite loci (Estoup and Angers 1998; Hansson et al. 2000) . Unfortunately, technical limitations associated with DNA fingerprinting make large numbers of samples difficult to compare (intra-gel comparisons; Guglich et al. 1993) , thereby limiting the scale at which this technique can effectively be used for monitoring. These limitations have resulted in a decline in the use of DNA fingerprinting in such studies in favor of using microsatellite loci (Estoup and Angers 1998) .
Secondly, although consistently lower than for moose in other regions, the H E of microsatellite loci for moose from Isle Royale was considerably higher than its comparable APD value. This discrepancy is likely the result of H E being less sensitive to population bottlenecks -small founding events and of APD reflecting allelic loss and not heterozygosity. Levels of heterozygosity can be maintained following a population bottleneck, despite the loss of alleles (Spencer et al. 2000) , or increase immediately following a bottleneck event (Cornuet and Luikart 1996) . Bottlenecks can equalize allele frequencies as rare alleles are lost through population reduction causing an increase in heterozygosity (Leberg 1992; Spencer et al. 2000) . Natural and experimental studies have shown that allelic diversity is significantly affected by population bottlenecks and more accurately reflects the loss of genetic variation (Leberg 1992; Luikart and Cornuet 1998; Spencer et al. 2000) .
This relationship between allele loss and bottlenecks was supported by the observed loss of genetic variation at APD for minisatellite loci and H E and allelic diversity for micro- satellite loci between source and founded island populations (Table 3 ). The DNA fingerprint data (APD) showed a loss identical to microsatellite allelic diversity in both comparisons of source population to island founding events. Again, DNA fingerprinting analyses examine allele sharing (Guglich et al. 1993 ) and therefore reflect the loss of rarer alleles through a bottleneck.
At present, heterozygosity is one of the most common measures of assessing genetic variation. The recent study examining experimentally bottlenecked populations by Spencer et al. (2000) and other studies (Leberg 1992; Cornuet and Luikart 1996; Luikart and Cornuet 1998; Luikart et. al. 1999) have demonstrated the importance of allelic diversity in considering genetic diversity for conservation biology. Allelic diversity of MHC loci in particular has been recommended for consideration in captive-breeding programs (Hughes 1991) and natural populations (Yuhki and O'Brien 1990) . Our data suggest that the assessment of neutral genetic variation may not accurately reflect adpative loci such as those of the MHC.
We observed several discordant results in this study when comparing neutral and functional loci. Moose in Isle Royale, Riding Mountain, and Pukaskwa national parks show relatively high levels of genetic variation at the DRB locus compared with MHC diversity in the other populations of Ontario that maintain gene flow and relatively high levels of genetic variation at the neutral DNA loci. The DRB variation observed in Isle Royale moose is contrary to the variation observed at the mini-and micro-satellite loci that is more consistent with the history of the island population, specifically a small founding event. The Newfoundland population has a history similar to that of Isle Royale with its small founding population and shows consistently low levels of genetic variation at the micro-and mini-satellite loci and monomorphism at the DRB locus.
Concordance between MHC and micro-or mini-satellite variation is seen in a number of studies: bighorn sheep (Ovis canadensis) (Boyce et al. 1997) , pocket gophers (Thomomys spp.) (Sanjayan et al. 1996) , and European beavers (Caster fiber) (Ellegren et al. 1993 ). However, a survey of three marine mammal species (Slade 1992) indicated lower MHC diversity compared with terrestrial mammals with no equivalent reduction at allozyme loci in the one seal and two whale species examined. This finding was attributed to reduced pathogen exposure in a marine environment. A similar explanation was proposed for the overall low MHC variation observed in Swedish moose (Ellegren et al. 1996) , suggesting that the solitary lifestyle of moose may reduce the lateral transmission of pathogens. The marine-mammal and moose studies concluded that the reduced genetic variation at the MHC was not indicative of low genome-wide variation and supported reduced balancing selection pressures.
Balancing selection is predicted to result in high allelic diversity and an even distribution of allele frequencies at MHC loci that are maintained through heterozygote advantage (Hedrick and Thomson 1983) . However, empirical evidence in nonhumans of balancing selection in natural populations is sparse. A study of island populations of the bush rat (Rattus fuscipes greyii) reported a loss of allelic diversity at neutral and MHC loci but an excess of heterozygosity at the MHC gene RT1.Ba in 3 of 14 island populations, suggestive of balancing selection through overdominance (Seddon and Baverstock 1999) . Paterson and Pemberton (1997) showed direct evidence of selection acting on specific alleles rather than heterozygosity (predicted under balancing selection) in a natural ungulate population, as alleles at the DRB locus in Soay sheep (Ovis aries) were significantly associated with juvenile survival and resistance to intestinal nematodes. However, the heterozygosity at the DRB locus in Soay sheep of all age classes in the population revealed an even allele frequency distribution, supporting balancing selection (Paterson 1998) . Both the bush rat and Soay sheep studies (Seddon and Baverstock 1999; Paterson and Pemberton 1997; Paterson 1998 ) observed greater nonsynonymous to synonymous substitutions at DRB, further supporting balancing selection through the favoring of novel MHC alleles.
Although the DRB-a allele was prevalent (Table A1) , we observed higher DRB allelic diversity and more even allele frequency distributions within national parks. Although a deficiency in H E was detected, discordant levels of genetic variation at the DRB locus compared with the neutral microand mini-satellite DNA markers within Isle Royale (high and low, respectively) and mainland Ontario (low and high, respectively) populations support differential selection pressures acting on the MHC locus. High allelic diversity and even distributions of allele frequencies at DRB were also observed in African buffalo national park populations, despite historic population bottlenecks caused by disease (Wenink et al. 1998) . The analyses of genetic distances and tree topologies revealed different spatial patterns of variation between the microsatellite and DRB loci with respect to the Pukaskwa populations (Fig. 3) . Similar results were interpreted as limited evidence for selection on the MHC locus (Boyce et al. 1997) . Furthermore, the DRB sequences of this study and of Mikko and Andersson (1995) have greater nonsynonymous to synonymous substitutions in the ARS region, supporting long-term balancing selection. The differential patterns are suggestive of balancing selection within the park systems and pathogen-driven selection, that is, selection acting on specific alleles in nonpark regions. The levels of gene flow we observed do not support genetic drift as a factor resulting in a loss of alleles in the continuous Ontario region. We considered two potential factors that differ between the parks and neighboring regions we examined: the absence of whitetailed deer infected with the parasite P. tenuis within national parks and the absence of hunting within the park systems.
Firstly, the impact of white-tailed deer infected with the menengial worm P. tenuis may be influencing the MHC locus independently of the neutral loci, resulting in a shift to predominant-allele frequency within nonpark regions inhabited by deer. The populaton in Pukaskwa National Park has contact with moose from the northern and central regions of Ontario, yet moose in the other regions within the province show a more pronounced trend towards the DRB-a allele. White-tailed deer and P. tenuis are absent within Pukaskwa National Park (Whitlaw and Lankester 1994) , the moose population of which maintains an additional allele not observed in moose exterior to the park. The dominant DRB-a distribution in moose in other regions of Ontario, despite the gene flow detected with the microsatellite loci, is consistent with the presence of P. tenuis. Also supporting the potential impact of P. tenuis on DRB allele distributions are the alleles observed in British Columbian moose (Mikko and Andersson 1995) . These moose have maintained the four North American DRB alleles and do not demonstrate the predominant DRB-a allele frequency observed in the more eastern range of moose we examined in this study, consistent with the absence of P. tenuis in western Canada.
In the absence of P. tenuis, balancing selection may be the primary factor influencing MHC variation and this may be further enhanced by high moose densities in two of the park systems: Isle Royale and Riding Mountain. The higher densities of moose in these populations may be atypical of the solitary life history of moose in other regions (Ellegren et al. 1996) , resulting in increased balancing selection due to increased contact and pathogen exchange. High population densities in Isle Royale National Park and Algonquin Provincial Park, with the highest number of moose per square kilometre in Ontario (Whitlaw and Lankester 1994) Secondly, although hunting has not been directly associated with a loss of diversity at MHC loci, there is the potential for such an association similar to pathogen-driven selection. An examination of the impacts of selective hunting, that is, a preference for large body size and high-quality antler racks, on red deer indicated a loss in the frequency of alleles associated with such traits (Hartl et al. 1991) . MHC alleles have been shown to have an association with growth in cattle (Grignola et al. 1995) , and this gene complex is linked to a large number of growth-related genes (Lewin et al. 1992) . Hunting pressure on "larger" moose outside of protected areas may influence a loss of allelic diversity observed for the MHC genes that would not be readily detected at micro-or mini-satellite loci.
Our data is consistent with the suggestion that the presence or absence of white-tailed deer with P. tenuis and differential hunting pressure, singly or in combination, are potential factors influencing MHC allelic diversity in moose populations. At present, it would be premature to connect specific DRB alleles to any disease resistance against P. tenuis or fitness characteristics; however, MHC alleles are inherited in haplotypic combinations (Murray et al. 1999 ) and alleles at other genes in linkage may be influencing the observed shift in the DRB alleles. Furthermore, a complete assessment of the population structure in isolated parks would be required to fully assess heterozygote excess due to balancing selection versus a deficiency based on a Wahlund effect. More direct comparisons would be required to examine the role, if any, of hunting pressure on moose populations and its impact on levels of genetic variation at MHC or other functional loci.
Population structure and metapopulations
An assessment of connectivity and gene flow among different geographic areas identified both nonmigratory and migratory moose populations. Riding Mountain National Park was shown to be isolated from its nearest geographic neighbor, northwestern Ontario, a result consistent with a nonmigratory prairie "island" population (Karns 1998) . Isle Royale was confirmed as being isolated from its corresponding mainland populations, that is, northwestern OntarioNipigon. Moose movement and gene flow were prevalent throughout Ontario, extending along the periphery of Lake Superior. Differentiation between northwestern and northeastern Ontario likely reflects isolation by distance (Table 4). Genetic distances between populations can reflect the effects of geographical separation (Simonsen et al. 1998) , and the neighbor-joining tree of Nei's unbiased genetic distance (Nei 1978) supports isolation by distance within the continuous Ontario range (Table 4 , Fig. 3a) .
The monomorphic DRB locus in Newfoundland moose, in the absence of deer and P. tenuis on the island, indicates that historic population events such as founder events can significantly influence levels of genetic variation at functional DNA markers. Similar monomorphism at the DRB locus was observed in a number of the island populations of bush rat (Seddon and Baverstock 1999) . The population turnover that may result from overhunting (Goddard 1970 ) may accelerate genetic drift in isolation, owing to decreased effective population size, thereby reducing genetic variation (Harrison and Hastings 1996) . However, our findings suggest that the recovery of moose numbers in continuous geographic ranges such as Ontario is supplemented by immigration, contrary to the proposed limited impact of neighboring populations (Goddard 1970; Hundertmark 1998) . The recovery of moose populations through local movements, immigration, or recolonization is consistent with a metapopulation of potential "source" and "sink" subpopulations (Harrison and Hastings 1996) . National and provincial parks represent important areas for maintaining genetic variability and, further, represent potential "source" populations within a connected metapopulation structure. The one notable example from this study is Pukaskwa National Park, which appears to represent an important reservoir of genetic material within the northern Ontario moose metapopulation. Different levels of genetic variability at the DRB locus in moose within the park (Fig. 3b) were observed despite connectivity to other regions in Ontario (Table 3 , Fig. 3a) . The maintenance of an additional allele at this one MHC locus within this region provides the potential transfer of allelic diversity to other regions of Ontario through the existing levels of gene flow, if local selection pressures are altered. Contrary to the situation in Pukaskwa National Park, Riding Mountain and Isle Royale national parks, while maintaining potentially important allelic diversity, are in apparent isolation from neighboring regions, limiting their contribution as natural "source" populations.
Recent studies have examined the genetic structure of populations within a metapopulation context by examining genetic variation combined with local extinction and recolonization (Saccheri et al. 1998; Westemeier et al. 1998) . Also, local selection pressures affecting morphological traits despite gene flow have been observed in conifers (Karhu et al. 1996) , and positive selection has been identified to be acting on the transferrin gene in salmon populations (Ford et al. 2000) . Our data demonstrate the potential of combining DNA profiles from neutral loci, such as microsatellites, to functional loci, such as moose MHC loci, to completely elucidate metapopulation structure. Although variable neutral loci such as microsatellites can be useful in assessing population structure, they may have limited use as a proxy for genome-wide variation, particularly in detecting local selection pressures influencing genetic variation within local "source" and "sink" populations.
Conclusions
There are obvious limits to the range of genetic variability that can exist in moose populations based on the number of alleles present in North American animals. As a result, large differences in allelic diversity and heterozygosity are constrained and any interpretation regarding the role of specific selection pressures, such as disease and hunting, influencing MHC allele frequencies in moose populations requires large sample sizes from a number of sites with different selection pressures. Certainly stochastic events such as bottlenecks could generate similar levels of allelic diversity. However, the low overall levels of genetic variation in moose in otherwise viable populations can provide a useful model for understanding genetic variation for comparison with threatened and endangered populations.
This study has identified differences between neutral genetic variation and variation at an adaptively significant locus. Used in combination, neutral and functional loci may provide a very different interpretation of genetic variation and population structure than either would provide used alone. A comprehensive comparison of neutral and functional genetic loci would provide a more accurate composite of population structure and genetic variation within a metapopulation framework. The management strategies for wildlife species should examine larger metapopulations as the primary conservation unit. Many studies have focused on isolated populations, considering isolation to be the primary criterion for identifying conservation or management units (Moritz 1994) . Isolation may be a reasonable criterion for recommending protection, but identifying adaptive variation provides a sound basis for effective management and is a pro-active approach to preventing isolation among the differential selection pressures within a larger metapopulation. Priority should be placed on identifying locally adaptive genomes, using morphological, physiological, or genetic characters; high allelic diversity; and population structure, migration, and gene flow.
For moose specifically, increasing the number of park systems and surrounding areas, as well as increasing the number of microsatellite and MHC loci would allow a more accurate reconstruction of the metapopulation structure and the potential local selection pressures acting on moose from different regions. Based on our present findings, we recommend managing moose as a metapopulation, contained within protected park systems with no hunting and no white-tailed deer (or more importantly, no P. tenuis) that maintain connectivity to neighboring regions through corridors to support migration and gene flow.
